frameshift mutations within runs and by comparing the patterns of frameshift mutations in the 5' and 3' LTRs of individual proviruses, we conclude that the majority of mutations observed in our system occurred during minus-strand DNA synthesis of reverse transcription.
Spleen necrosis virus (SNV) is a member of the murine leukemia virus-related genus of the Retroviridae family. The genome of SNV consists of a noncovalently linked dimer of identical, positive-strand RNA (21) . SNV uses a virally encoded enzyme called reverse transcriptase (RT) (20, 23) to replicate its RNA genome through a proviral DNA intermediate (33) . SNV replication is highly error prone (6, 7) as a result of lack of proofreading and mismatch repair mechanisms (1, 24, 29 ).
An SNV-based shuttle vector has been used previously to characterize mutations occurring in a single cycle of replication. Base substitutions, frameshifts, hypermutations, deletions, and deletions with insertions were observed (25, 26) . Frameshift mutations occurred exclusively at runs of 2 to 5 identical nucleotides within the lacZot target gene of the SNV vector. Within the lacZoa target gene of a similar bovine leukemia virus-based shuttle vector, runs of 3 to 5 identical nucleotides also served as hot spots for frameshift mutations (22) .
Although these previous in vivo studies on SNV and bovine leukemia virus reverse transcription identified runs of identical nucleotides as hot spots for mutation, the number of mutants characterized was small. Within the lacZot target genes of the shuttle vectors, only five frameshift mutations were identified in the SNV study (26) and only four frameshift mutations were identified in the bovine leukemia virus study (22) . Therefore, it is difficult to conclude from these two studies whether frameshift mutation rates differ significantly for runs of different lengths and different base compositions.
Naturally occurring runs of 9 A's and 10 T's, located in different regions outside the lacZot gene, were also found to be hot spots for frameshift mutation during SNV reverse transcription (26) . Runs of 9 A's were located within a direct repeat of 110 nucleotides in a region of the shuttle vector which was not under selective pressure. Analysis of frameshift mutation rates within these runs of 9 A's was complicated by the fact that one copy of the direct repeat was undergoing deletion at a rate of approximately 41% per single cycle of replication; some of the frameshift mutations and deletions of one copy of the direct repeat may have been causally linked (26) . Runs of 10 T's were located in the R region of the long terminal repeat (LTR) between the poly(A) signal and the poly(A) site, a location under potential biological selection. For these reasons, it is again difficult to conclude whether frameshift mutation rates differ significantly for runs of different lengths and different base compositions.
An in vitro study using purified human immunodeficiency virus type 1 (HIV-1) RT has also shown that runs of 2 to 5 identical bases are hot spots for frameshift mutation (2) . In this study, a gapped M13mp2 molecule was used as the substrate for DNA synthesis, and the wild-type lacZa. gene served as the mutational target. The results from this study revealed a ninefold preference for -1 rather than +1 frameshift errors. Frameshift error rates also differed for identical runs located in different regions of the lacZot gene. Thus, sequence context affected the frameshift mutation rate, and runs of different lengths and different base compositions could not be compared directly.
A subsequent in vitro study using purified HIV-1 RT analyzed the fidelity of both RNA-and DNA-dependent DNA synthesis (4) . Fidelity with an RNA template was >10-fold higher than fidelity with a DNA template for -1 frameshift errors at five different homo-oligomeric runs. These results suggest that frameshift mutation errors may occur more fre-4197 quently during plus-strand rather than minus-strand synthesis of reverse transcription.
The observations made from cell-free studies may not be an accurate representation of reverse transcription in vivo. In a recent study comparing in vitro and in vivo base substitution mutation rates of murine leukemia virus on the same template sequence, it was found that the mutation rate of purified murine leukemia virus RT in vitro was about 30 times higher than the in vivo mutation rate (34) . Accessory viral and cellular factors may have contributed to the increase in RT fidelity during DNA synthesis in vivo. In addition, cellular DNA mismatch repair mechanisms may have corrected mistakes made during reverse transcription (34) .
In this report, we describe a comprehensive in vivo study of SNV reverse transcription within tracts of 10 to 12 identical nucleotides. SNV-based retroviral vectors were designed to contain runs of all four nucleotides on both the plus and minus strands of the proviral DNA. The synthetic runs were all inserted into the same internal region of the retroviral vector so that frameshift mutation rates for runs of different lengths and different base compositions could be directly compared. We found that rates of frameshift mutation varied depending on the nucleotide composition of the run. Frameshift mutation rates did not increase as run length increased from 10 to 12 bases. Unlike cell-free studies with HIV-1 RT in which negative frameshift mutations predominated (2), frameshift mutations which occurred during SNV reverse transcription in vivo were almost exclusively positive. Cell-free studies with RNA and DNA templates in the HIV-1 system suggested that frameshift mutation errors may occur more frequently during plus-strand DNA synthesis of reverse transcription (4 20 mM MgSO4, 1% Triton X-100, 200 jig7proteinase K per ml); this represented approximately 3 x 10 cells per ml for each cell line. The lysates were then diluted by a factor of 10 with sterile double-distilled H20 containing 200,ug of proteinase K per ml.
The lysates were incubated at 50 to 55°C overnight. The next day, the lysates were boiled for 10 min and spun in a microcentrifuge at full speed for 1 min. Lysates were stored at -200C.
PCR. Genomic DNAs from cell lysates were used as templates in PCR to amplify specifically the proviral DNA. In order to obtain sufficient quantities of DNA for direct sequencing, two rounds of 30 cycles were performed. The first round of PCR was performed with an outer set of oligonucleotide primers, and the second round was performed with a second set of primers complementary to the amplified product of the first round. The internal region and 3' LTR were amplified as one 740-bp fragment, with primers 7 and 6 in the first round and primers 10 and 5 in the second round ( For the first round of PCR, 50 RI of cellular lysate was amplified by using VentR DNA polymerase in a 100-,u reaction mixture according to the manufacturer's suggestions (New England Biolabs, Beverly, Mass.). Five microliters was transferred from the first reaction mixture into a second 100-pA reaction mixture. The reaction mixture for round one was supplemented with 4.0 mM MgSO4. Samples were amplified on a Perkin-Elmer DNA thermal cycler. Detailed cycle profile conditions are available upon request.
DNA sequencing. For direct DNA sequencing, three 100-pA reaction mixtures from the second round of PCR were combined and concentrated to a volume of 40 to 75 pA. Primers from PCR were removed by purification on CHROMA SPIN-400 columns (CLONTECH Laboratories, Inc., Palo Alto, Calif.). Sequencing was performed by using the CircumVent Thermal Cycle Dideoxy DNA Sequencing Kit (New England Biolabs) or the Sequenase DNA Sequencing Kit (United States Biochemical Corp., Cleveland, Ohio).
RESULTS
Design of vectors. Long synthetic oligonucleotides containing runs of 10 or 12 of each of the four nucleotides were inserted between hyg and the ppt of the SNV-based vector pJD214Hy ( Fig. 1) (6) . Purines flanked runs of pyrimidines, and pyrimidines flanked runs of purines. An in-frame amber stop codon was engineered into the synthetic insert to provide a translational stop for hyg. Sites for SphI cleavage were also engineered into the inserts to distinguish between the two orientations. Insert sequences were further designed to remove the 3' ClaI sites of inserts TC10 and TC12 and the 5' ClaI sites of GA10 and GA12 in order to avoid the formation of a 6-bp (25) . The remaining insert sequences were generated randomly. A region of 251 and 655 bp spanning the insert was analyzed by using the FoldRNA program of the University of Wisconsin Genetics Computer Group software package to ensure that the synthetic insert did not create unusually stable stem-loop structures in the viral RNA.
In addition to the homo-oligomeric runs inserted between hyg and the ppt of pJD214Hy, a naturally occurring run of 10 T's was located in the R region of the LTR (Fig. 1) . Runs of nucleotides in the synthetic insert are referred to as internal runs, while this naturally occurring run is referred to as either the 5' or 3' LTR run.
Single round of viral replication. Vector DNA was transfected into DSN helper cells, which express the gag-pol and env genes of SNV (Fig. 2, step 1) . Hygromycin B was added to the medium of transfected cells to select for cells harboring integrated vector sequences. To remove mutations that may have occurred during transfection, virus was harvested from these cells and was used to infect fresh DSN helper cells (Fig.  2, step 2) . Infected DSN helper cells were grown in the constant presence of neutralizing anti-SNV sera to prevent multiple rounds of infection. Hygromycin B-resistant (Hygr) DSN cells were cloned, the proviral sequences were amplified by PCR, and the amplified DNA was sequenced directly. Hygr DSN cell clones are referred to as parental cell clones. Virus was harvested from parental cell clones containing desired proviral sequences and was used to infect D-17 target cells (Fig. 2, step 3) . D-17 cells do not express structural proteins of SNV, and virus cannot be produced from these cells. The infection at step 3 therefore represents one cycle of viral replication (from provirus in step-2 cells to provirus in step-3 cells). Hygr D-17 cells were cloned, the proviral sequences were amplified by PCR, and the amplified DNA was se-J. VIROL. (Fig. 2) . Apparently, some of the other proviruses in parental cell clones had inactivating mutations since they did not produce detectable levels of virus as measured by virus assay.
Ten different parental cell clones were chosen as producers of virus for step-3 infections of D-17 target cells. These clones had internal runs ranging in length from 10 to 12 nucleotides and were distributed as follows: two clones had 10 T's and 10 C's, one clone had 11 T's and 10 C's, two clones had 12 T's and 12 C's, one clone had 10 G's and 10 A's, one clone had 10 Since mutation rates were not significantly different for run lengths of 10 to 12 bp, frameshift mutations were totaled for each nucleotide, and mutation rates were calculated as percentages per cycle of replication (Table 1) . Frequencies from Table 1 were used in Fisher's exact test to determine if rate differences were statistically significant. The mutation rate for runs of T's was significantly higher than the rates for runs of A's (P = 0.008), C's (P < 0.001), and G's (P < 0.001). The mutation rate for runs of A's was significantly higher than the rate for runs of C's (P = 0.003) and G's (P < 0.001). Finally, the mutation rate for runs of C's was significantly higher than for runs of G's (P = 0.03).
Frameshift mutations within LTR runs. The 3' LTR and internal runs were amplified as one fragment in PCR. Therefore, proviruses from the same 179 randomly picked target cell clones were studied. One 3' LTR run could not be sequenced as a result of a deletion, so only 178 3' LTR runs were analyzed. Thirty-one of the 178 LTR runs had frameshift mutations ranging from -2 to +2 ( were observed in internal runs but not in LTR runs (Tables 1  and 2 ). The frameshift mutation rate for runs of 10 T's in the 3' LTR was 17% per cycle (31 of 178) and was lower than the rate of 30% per cycle (9 of 30) for runs of 10 T's in the internal region; however, the difference was not statistically significant. Like the internal runs, no base substitution mutations were found at the ends of 3' LTR runs or in the surrounding 24 bp.
The 5' LTR was amplified and sequenced for all 31 cell clones that had mutations in the 3' LTR of the provirus. Thirty of 31 proviruses from these selected cell clones had identical mutations in the 5' and 3' LTR runs (Table 2) . One provirus had discordant LTRs; the 5' LTR had 10 T's, and the 3' LTR had 9 T's.
The 5' LTR was amplified and sequenced for an additional 24 cell clones that did not have a mutation in the 3' LTR of the provirus. The rate and nature of mutations in the 5' LTR runs of proviruses from these cell clones were similar to those in the 3' LTR runs (Table 2 ). Four frameshift mutations were found among 24 runs, yielding a rate of 17% per cycle. Four proviruses with 5' LTR mutations had discordant LTRs; one provirus had 11 T's in the 5' LTR and 10 T's in the 3' LTR, and three proviruses had 9 T's in the 5' LTR and 10 T's in the 3' LTR.
Of 55 proviruses that had mutations in either the 5' or 3' LTR run or both, only 5 had frameshift mutations in the internal regions; these 5 proviruses did not correspond to the 3 proviruses described above that had frameshift mutations in both internal runs. Thus, there was no correlation between frameshift mutations in the LTRs and internal regions.
Control experiments. Since proviral sequences had undergone 80 cycles of PCR amplification (two rounds of 30 cycles each plus an additional 20 cycles for sequencing), there is a possibility that the frameshift mutations observed in this system were a result of the polymerase used in PCR. This possibility is unlikely because the PCR-amplified DNA was directly sequenced (not cloned). Although mutations do occur during PCR, direct sequencing of PCR-amplified DNA yields a predominant DNA sequence.
In order to rule out the possibility that the observed frameshift mutations were caused by VentR DNA polymerase during PCR amplification, a control experiment was performed. Lysates from cell clones containing proviruses with runs of either 12 T's and 12 C's or 12 G's and 12 A's in the plus strand were subjected to 21 independent PCR amplifications. DNA from these 42 reactions was directly sequenced. No frameshift mutations were found in any of the 84 internal runs, and no base substitutions were found in the sequences surrounding the runs. The frameshift mutations observed in our system, therefore, are not the result of the polymerase used in PCR.
DISCUSSION
In the studies described in this report, we determined the nature and rate of mutations within homo-oligomeric runs of 10 to 12 bases during a single cycle of SNV replication. Synthetic runs of all four nucleotides, located in the same internal region of an SNV-based retroviral vector, were analyzed along with a naturally occurring run of 10 T's in the LTR. By analyzing the types of frameshift mutations within the runs and by comparing the patterns of frameshift mutations in the 5' and 3' LTR runs of individual proviruses, we deduced mechanisms for the frameshift mutations observed in our system.
Mechanisms of frameshift mutation. Positive frameshift mutations add bases to the length of a run, while negative frameshift mutations delete bases. In the absence of recombination and nontemplated additions of nucleotides, a positive frameshift mutation could occur only if the primer strand slips backward on the template strand, one or more nucleotides loop out of the primer strand (9), and one or more bases of the run are recopied. On the other hand, a negative frameshift mutation could occur only if the primer strand slips forward on the template, one or more nucleotides loop out of the template strand, and one or more bases of the run are bypassed. Fifty-four of 57 frameshift mutations in the internal region and 14 of 31 frameshift mutations in the 3' LTR run were positive and were most likely generated by the first mechanism described above in which the primer strand loops out. The three negative frameshift mutations in the internal region and 17 negative frameshift mutations in the 3' LTR were most likely generated by the second mechanism in which the template strand loops out. The predominance of positive frameshift mutations in the internal region contrasts with cell-free studies of other polymerases such as HIV-1 RT, eukaryotic polymerases a and ,B, Klenow fragment (exo-) (17), yeast DNA polymerase I (19) , and phage T4 polymerase (31) in which negative frameshift mutations occur much more frequently than positive frameshift mutations. During reverse transcription, positive-strand RNA is copied into double-stranded DNA (Fig. 3) . Positive and negative frameshift mutations could be generated theoretically during both minus-and plus-strand DNA syntheses. If a positive frameshift mutation occurs during minus-strand DNA synthesis, the primer strand loops out (Fig. 4a) . The template RNA is degraded, and the looped-out primer strand is straightened. When the straightened primer strand is copied during subsequent steps of reverse transcription, the added base(s) is copied and maintained in the provirus. If a negative frameshift Since one molecule of retroviral RNA is sufficient for viral DNA synthesis in the absence of recombination (13), products from only one RNA molecule are shown. The steps of reverse transcription are (i) minus-strand DNA primer synthesis, (ii) removal of RNA bound to minus-strand DNA primer, (iii) minus-strand DNA primer transfer (intrastrand), (iv) minus-strand DNA synthesis, (v) nicking of RNA at the ppt and removal of 3' RNA sequences, (vi) plus-strand DNA primer synthesis, (vii) removal of tRNA and viral RNA sequences, (viii) plus-strand DNA primer transfer (intrastrand), and (ix) completion of plus-and minus-strand DNA synthesis. out nucleotides may or may not be repaired by host cell proteins. If proviral DNA is not repaired, then two cell populations exist after division, and the proviral DNA sequence is mixed (27) ; this was not observed in our experimental system. Since the homo-oligomeric runs are located immediately downstream of the actively transcribed hyg gene, mistakes in this region may have been preferentially repaired (11) .
Most likely, proviral DNA with a looped-out nucleotide is repaired by a mechanism similar to one used for removal of thymidine dimers or bulky chemical adducts; a region of DNA is excised from the damaged (or looped-out) strand, and the single-stranded gap is filled in by DNA polymerase (10, 12) . Therefore, a positive frameshift mutation that occurred during plus-strand DNA synthesis is corrected and is not observed in the proviral sequence. On this basis, we conclude that the 54 positive frameshift mutations observed in the internal runs were generated during minus-strand DNA synthesis. Positive frameshift mutations could actually have occurred with more frequency than negative frameshift mutations during plusstrand DNA synthesis, but such mutations would have gone undetected in our system. The three negative frameshift mutations observed in the internal runs could have occurred during synthesis of either minus-or plus-strand DNA.
Thirty one of 178 proviruses had mutations in the 3' LTR run. Thirty of these 31 proviruses had identical mutations in the 5' LTR run. In the absence of two mutational events, identical mutations in the LTRs could only be the result of a frameshift mutation that occurred during minus-strand DNA primer synthesis (Fig. 3, step 1) . A mutated minus-strand DNA primer is transferred to the 3' end of the viral RNA and is used as the template for synthesis of a mutated plus-strand DNA primer. The mutated plus-strand DNA primer is then transferred to the 5' end of the viral DNA, resulting in identical mutations in both the 5' and 3' LTRs (Fig. 3) .
LTR runs. Although rates of frameshift mutation for internal and LTR runs were not significantly different, LTR runs differed from internal runs in terms of the nature of frameshift mutations. While positive frameshift mutations predominated in the internal region, positive and negative frameshift mutations numbered approximately half and half in the LTR; the difference in the number of positive frameshift mutations between these two regions was statistically significant. Long, positive frameshift mutations (+3 and +5) were also observed within internal runs but not within LTR runs. We believe that these differences in the nature of frameshift mutations between the internal and LTR regions may be the result of sequence location, the presence of the C run near the T run in the internal region, or biological selection. Biological selection may occur at the level of mRNA as a result of the location of (Fig. 1) .
The rates of frameshift mutation for runs of 10 T's in the LTR were significantly higher in a previous study (26) T's in the 3' LTR. On the basis of our models of strand slippage, nucleotide looping, and cell repair described above and on the basis of the assumption that only one mutational event occurred, we propose that this pattern of mutation is the result of a frameshift mutation that occurred during completion of plus-strand DNA synthesis at step 9 of reverse transcription ( Fig. 3 and 4d) . In sequencing the 5' LTR of 24 proviruses that did not have mutations in the 3' LTR run, we found four other proviruses that had discordant LTRs. One of these proviruses had 11 T's in the 5' LTR and 10 T's in the 3' LTR. Assuming one mutational event, we propose that the pattern of mutation observed in this provirus is the result of a frameshift mutation that occurred during plus-strand DNA primer synthesis at step 6 of reverse transcription ( Fig. 3 and 4c) . The other three proviruses with discordant LTRs had 9 T's in the 5' LTR and 10 T's in the 3' LTR. We propose that the pattern of mutation observed in these proviruses was the result of a frameshift mutation that occurred either during plus-strand DNA primer synthesis at step 6 ( Fig. 3 and 4d) or during completion of minus-strand DNA synthesis at step 9 ( Fig. 3 and 4e) .
Nucleotide composition of runs. In comparing mutation rates for runs of different nucleotides, we found that rates for runs of T's and A's are higher than rates for runs of C's and G's. We propose that hydrogen bonding may explain this difference. We also found that rates for runs of pyrimidines are higher than rates for runs of purines. This difference may be explained by base-stacking energies which are greater between adjacent purines than between adjacent pyrimidines (30 nantly positive frameshift mutations (additions of bases). In terms of the mechanism of frameshifting, the majority of the observed frameshift mutations appear to have been generated by primer strand looping during minus-strand synthesis of reverse transcription.
